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Abstra
It has been recently suggested (Muslimov & Page 1995) that the surface magnetic eld of a newly born neutron star




G), while the bulk of the magnetic ux may be submerged under the stellar









yr, depending on the early thermal history of
the NS, the initial distribution of magnetic ux and the electrical resistivity in the stellar crust, as well as on the
details of the stellar structure. Referring to this suggestion, we perform numerical computations to demonstrate
its possible relevance to young radio pulsars. In our calculations we use two dierent models of NS structure and
corresponding thermal histories. We present sequences of secular evolution of the surface magnetic eld, spin-down
luminosity, spin period, \braking index", and spin-down age best matching the corresponding measured quantities
for PSR 0531+21 (Crab), PSR 0540-69, and PSR 1509-58. We conclude that, when the spinning-down of a NS
becomes dominated by magnetic dipole braking, the eect under consideration reproduces remarkably well both
the observed rotational characteristics and derived values of the surface magnetic eld strength for these radio
pulsars, the only ones having reliable measurements of the braking indices. For the Crab and PSR 0540-69 we
can reproduce the existing discrepancy between their spin-down and real ages, but only by employing a NS model
with a soft equation of state (EOS) and fast neutrino cooling. In this model the real age of PSR 1509-58 exceeds
(in contrast to the Crab and PSR 0540-69) its spin-down age, an eect that can be attributed to relatively slow
cooling and stier EOS of the NS.
Subject headings: pulsars: individual (PSR 0531+21 | PSR 0540-69 | PSR 1509-
58) | stars: magnetic elds | stars: neutron
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1 INTRODUCTION
The timing of radio pulsars reveals that their
'clock mechanisms' are subject to a systematic de-
lay (spinning-down), and that various irregularities
in their run such as \glitches", \microglitches", etc,
may occur. The measurements of the rst and sec-




P , respectively, can provide us with invaluable in-
formation about the rotational dynamics of neutron
stars (NSs). For the standard formula describing the
secular decrease in the angular velocity 







where n = 3 corresponds to the mechanism of pure
magnetic dipole braking,














can, in principle, be determined from observations.
In practice, the measurements of braking indices are
contaminated by the eects of 'restless' behaviour of
_
P over short timescales and are a point of controversy.
Only three young pulsars have measured values of n
not dominated by timing noise: PSR 0531+21 (Crab),
n = 2:509 0:001 (Lyne et al. 1988); PSR 0540-69,
n = 2:01  0:02 (Nagase et al. 1990; Gouies et al.
1992); and PSR 1509-58, n = 2:837 0:001 (Kaspi et
al. 1995). The observational properties of these three
pulsars are listed in Table 1.
Theoretically, as is summarized in MT, there is a
number of factors aecting the braking index, e.g.,
multipole electromagnetic radiation (n  5), grav-
itational quadrupole radiation (n = 5), magnetic
eld decay (n > 3), radial deformation of eld lines
(1  n  3), pulsar wind (n < 3), relaxation of equi-
librium form of a NS (n < 3), pulsar transverse veloc-
ity (n < 3), etc. To these, one should add two mecha-
nisms recently proposed: spin-up of the NS during its
early evolution due to the intense neutrino emission
(n < 0)(Alpar &

Ogelman 1990) and crustal \plate"
motions (Ruderman 1991), the latter being able to
produce values of n larger or smaller than 3. Also,
Blandford & Romani (1988) have discussed the pos-
sibility that the braking indices of PSR 0531+21 and
PSR 1509-58 may be consistent with a secular growth
of the NS magnetic eld. They appealed to the ther-
momagnetic instability in a NS crust (Blandford et
al. 1983, see also Urpin et al. 1986) as a basic reason
for the magnetic eld growth. Finally, Michel (1991)
has also emphasized that the monotonic increase of
the magnetic eld with time would give braking in-
dices less than 3 in all young pulsars where it can be
determined.
In this paper we employ our recent calculations of
growth of the surface magnetic eld in a newly born
NS (Muslimov& Page 1995; hereafter MP) to demon-
strate the striking agreement of our model with the
available observational data for PSR 0531+21, PSR
0540-69, and PSR 1509-58. As is suggested in MP, the
surface magnetic eld of a young NS may grow from




G) due to ohmic dif-





that was initially submerged under the surface layers.
For the stage when a NS spins down due to mag-
netic dipole radiation, we determine the free tting
parameters of our model. For example, for each of
these pulsars we specify the spin period and prole
of the magnetic ux in the crust at the beginning
of the spinning-down stage due to magnetic dipole
radiation. In addition, we demonstrate that a NS
model based on a soft equation of state (EOS) from
the set calculated by Thorsson, Prakash & Lattimer
(1994; hereafter TPL) which allows for the presence
of a strong kaon condensate in the core and fast neu-
trino cooling, provides the best t for the Crab and
PSR 0540-69, including accounting for the discrep-
ancy between their 'real' and spin-down ages.
In x2 we present our numerical model, and in x3
we illustrate matching of our calculations with the
observed parameters for PSR 0531+21, PSR 0540-
69, and PSR 1509-58. Our principal conclusions are
summarized in x4.
2 BASIC ASSUMPTIONS AND METHOD
2.1 General Picture
We assume that the NS is born with a spin period
in the ms range. At the very early stage, during the
rst  a month, a NS with an ellipticity  10
 3
spins
down due to emission of gravitational waves. After
this stage its period increases up to  20   40 ms,
the ellipticity decreases by more than a factor of 
10
2
, and the stage of spinning-down due to magnetic
dipole radiation sets in. For the spin-down luminosity
due to emission of magnetic dipole radiation we use
the standard formula (see e.g. MT).
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If the secular evolution of the dipole magnetic mo-
ment of a NS is the only physical reason aecting its
spinning-down, one can easily derive the following ex-
pression for the braking index













is the surface value of the magnetic eld
strength. [A similar formula, but missing a factor 2
in the second term, has been used by Chanmugam &
Sang (1989) in their analysis of possible response of














(eld decay), we have n < 3 or n > 3, respectively.
Here we attempt to quantitatively examine the pos-
sibility that, in a newly born NS, the magnetic eld




G), initially trapped under
the stellar surface, ohmically diuses upthrough the
crust (MP). The main uncertainty in this picture is
the form of an initial distribution of the magnetic ux
in the upper crust. For illustrative purposes we de-
scribe the initial prole of magnetic ux in the crust
by referring to the depth down to which the ux is
submerged under the stellar surface. Approximately
at this depth the magnetic ux has a maximum value




2.2 Neutron Star Models and Cooling
We consider two models of stellar structure based
on the EOSs provided by Friedman and Pandhari-
pande (1981; hereafter FP) and by TPL, respectively.
The stellar model constructed with the FP EOS al-
lows only slow neutrino cooling due to the standard
modied Urca process. The model constructed with a
TPL EOS contains a kaon condensate in the core, and
the corresponding cooling proceeds via fast neutrino
emission (Brown et al., 1988; Page & Baron 1990). In
both cases the core nucleons are assumed to be nor-
mal, and the neutrino emission is thus not suppressed
by the nucleon superuidity. For both models the
temperature proles in the crust become relatively
smooth after a few years of cooling.
The 1:4M

NS built with the FP EOS has a radius
of 10.9 km, and the thickness of its outer crust is
 330 m. In contrast, the 1:4 M

NS with a TPL
EOS is more compact (radius of 9.1 km) and has a
relatively thin outer crust of thickness  180 m. For
both stellar models the temperature of matter at the
base of the outer crust decreases during the rst  10
yr from  (7 8)10
9
K down to  1:510
9
K. The
subsequent cooling proceeds faster for a NS with the
TPL EOS, as is illustrated by the following examples.
NS with the TPL EOS: After  35 yr the temperature





down to 6  10
7
K; then, in  10
4
yr, it gradually
decreases down to  10
7
K.
NS with the FP EOS: After  40 yr the temperature




declines down to 710
8
K; then, in  10
4




[The evolution of surface temperature for these two
models is qualitatively similar to the cooling curves
shown in Fig. 1 of Page & Applegate (1992) for the
cases of direct-Urca andmodied Urca cooling, respec-
tively].
2.3 Solution
We solve numerically the equation describing evo-
lution of the poloidal dipolar magnetic eld in a NS
crust subject to the appropriate boundary conditions
at the stellar surface and at the base of the crust
(see MP and references quoted therein). In our cal-
culations the conductivity of the crust depends on
both the density and temperature of matter. We
perform our calculations of the spin-down luminos-





P ) of the NS by solving self-consistently
the system of equations describing both its magnetic
and spin evolution (due to magnetic dipole braking).
We also employ formula (3) in our eld-evolution code
to calculate the secular evolution of the braking in-
dices.
Note that the rate of spinning down and value of
the braking index decrease with increasing the initial
depth of submergence z
sub
of the magnetic ux in the
crust (for a given NS structure and thermal evolu-
tion), with the values of braking indices being most
sensistive to the variation of this depth as a param-
eter. In our calculations, the initial prole (depth
of submergence) of the magnetic ux in the crust
is therefore determined by matching the theoretical
and measured values of braking indices for the de-
rived spin-down age of the pulsar. Note also that the
variation of P
0
only slightly aects the calculated val-
ues of the spin period and braking index for relatively
long-period pulsars such as PSR 1509-58.
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3 RESULTS OF NUMERICAL CALCULA-
TIONS AND DISCUSSION




P , or equiv-





n. These observables are listed in Table 1 together
with the parameters of our models. Our models aim
at tting these three (four with B
surf
) observed val-
ues at a given model age t
model
as listed in the Table.
The age of the Crab pulsar is known, and the t
model
is
taken to be equal to this age. In the case of PSR 0540-
69, study of the associated supernova remnant (SNR
0540-69) indicates an age 
SNR
 760 yrs (Kirshner
et al. 1989): the actual age may be somewhat larger
or smaller depending on whether the remnant's ex-
pansion has been accelerated by the pulsar or slowed
down by the interaction with the interstellar medium.





of PSR 1509-58 is highly uncertain, and t
model
is an
output of our t: t
model
 1,860 yr. If one accepts
the association of PSR 1509-58 with the supernova
SN 185 (Thorsett 1992), then this age is very close
to the real age [however, Strom (1994) criticized the
association of PSR 1509-58 with SN 185].
We show in Figure 1 the temporal evolution of
the surface magnetic eld B
surf
(strictly speaking,
its component perpendicular to the spin axis), spin-
down luminosity L
sd
, spin period P , braking index n,
and spin-down age 
PSR
for three dierent models.
The present points (i.e., at age t
model
) on the evolu-
tionary tracks are marked by dots. Panels A,C, and
D clearly show that all observable quantities for the
three pulsars can be reproduced within our model.





for a longer time than in the case
of slow cooling, but the detailed behavior depends also
on other parameters of the model, particularly on n
and t
model
. The requirement that the model ts the
age of the pulsar (besides P , 
PSR
, and n) thus puts
strong constraints on the thermal evolution of the NS.
In the cases of the Crab and PSR 0540-69 such a
t can only be achieved by employing fast neutrino
cooling which results in a rapid freezing of the stellar
crust and corresponding decrease (see also MP) in the
electric resistivity of the crust. This is clearly seen in
Figure 1: after t  30 yr the rate of growth of the sur-
face magnetic eld substantially slows down, and the
magnetic eld practically reaches its saturation value.
The Crab pulsar has been claimed several times (see
e.g. Tsuruta 1986; Page & Baron 1990) to be a typi-
cal example of a NS that follows the standard cooling
scenario. However, there is actually no real observa-
tional evidence in favor of these claims (Page 1994,
x6.2) and this pulsar may perfectly well have under-
gone fast neutrino cooling as we need here. Since
this pulsar is thought to have resulted from the core
collapse of a relatively low mass progenitor,  9M

(Nomoto 1985), this would indicate that the critical
NS mass for the onset of fast neutrino emission is
quite low. In the case of PSR 0540-69, the progenitor
mass is estimated to be around 15-20 M

(Kirshner
et al. 1989): this results in a high mass NS, and fast
cooling is almost mandatory, in accordance with our
needs. With regard to PSR 1509-58, there is no such
constraint on its age. However, if our model is cor-
rect, then the t of P , 
PSR
, and n says in favor of
slow neutrino cooling, which, in its turn, would argue
for a progenitor less massive than that of the Crab.
Since only one EOS can be put into eect in nature,
a consistent interpretation of the above results would
need the NS of PSR 1509-58 to have a lower mass than
the other two: the TPL EOS we have used is similar to
the FP EOS below the kaon condensation threshold
(but much softer above), and a less massive model
based on the TPL EOS would thus give results similar
to those presented above for the 1.4 M

model with
the FP EOS. Conrmation of an association of PSR
1509-58 with a SNR and an estimate of the progenitor
star mass would strengthen our model or would show
the importance of other possible mechanisms, which
can aect the spin evolution (see Introduction).
4 SUMMARY AND CONCLUSIONS
We have presented numerical calculations of early
magnetic and spin evolutions of a NS born with a
magnetic ux initially trapped under the stellar sur-
face. We have explicitly demonstrated that our cal-
culations may be relevant to the magnetic and spin
evolutions of the NSs in PSR 0531+21 (Crab), PSR
0540-69, and PSR 1509-58.
Our principal ndings are:
1. The braking indices of the Crab pulsar (n =
2:5), PSR 0540-69 (n = 2:0), and PSR 1509-58 (n =
2:8) can be easily understood in terms of the standard
mechanism of magnetic dipole braking, provided that
the surface magnetic eld of the associated NSs has
been growing up with the rate corresponding to the
ohmic diusion of an internal magnetic eld, initially
submerged under the stellar surface.
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2. We account for the existing dierence ( 300
yr) between the spin-down and real ages for the Crab
pulsar. Also, according to our calculations, the real
age of PSR 0540-69 is about 890 yr, i.e., 770 yr less
than its spin-down age, in agreement with the esti-
mated age of the associated SNR 0540-69. Finally,
the real age of PSR 1509-58, in contradistinction to
the Crab and PSR 0540-69, exceeds its spin-down age
by about 300 yr.
3. In our model, about a month after their birth
the NSs in the Crab, PSR 0540-69, and PSR 1509-58
have spin periods, respectively, P
0
= 20, 21, and 38






4. The spin-down luminosity of the Crab pulsar
and PSR 0540-69 reaches its maximum at a NS's age
of a few decades, while in the case of PSR 1509-58 it
occurs at a few hundred years.
5. Our analysis may sensibly indicate that the NSs




outer crust and have experienced a phase of fast neu-
trino cooling.
To extend our investigation of the early magnetic
and spin evolution of a NS to other young pulsars
we need to have reliable measurements of their brak-
ing indices, that are not available at the moment.
However, the observations recently initiated with the
ROSAT X-Ray telescope (see e.g. Aschenbach et al.
1995) of ne structures in young SNRs containing pul-
sars may provide us with more accurate estimates of
the real ages of young radio pulsars associated with
the SNRs. Given such estimates, we would be able to
proceed farther with a more extensive analysis of the
eect under consideration in pulsars.
Finally, a more detailed study should incorporate
some other possible mechanisms mentioned in the In-
troduction. Spin-up of a NS by early neutrino emis-
sion can be incorporated in our model since it is a
well dened mechanism and requires the same in-
gredients of stellar structure and cooling. The var-
ious mechanisms reducing n below 3 are very model-
dependent and would increase the number of free pa-
rameters. Quadrupolar radiation, magnetic and/or
gravitational, (resulting in n > 3) can reasonably be
excluded. The crustal \plate" motion is of major un-
certainty, and is practically impossible to model quan-
titatively. Although plate tectonics is hypothetical,
crust cracking (\plate tectonic" activity ?) seems to
take place in the Crab (Link et al. 1992; Alpar et al.
1994), and crustal plates may manifest themselves at
the surface of the NS in Geminga (Page et al. 1995).
AM thanks the Alexander von Humboldt Stiftung
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by a UNAM-DGAPA grant IN105794 and a Catedra
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ccccccccc Characteristics of Pulsars and Parame-
ters of Models
a










(ms) (yrs) (yrs) (yrs) (ms ) (m) 0531+21 33.4
2.509 (1)
b
1,260 810  100
e
940 21 TPL 70-80
0540{69 50.4 2.01 (2)
c
1,660 760  100
f
890 38




1,860 20 FP 160-170
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Figure 1: Plot of the surface magnetic eld (panel A),
spin-down luminosity (panel B), spin period (panel
C), braking index (panel D), and spin-down age
(panel E) versus the model age of a NS. The calcula-
tions performed for the NS in PSR 0531+21 (Crab),
PSR 0540-69, and PSR 1509-58 are presented by the
solid, dashed, and dash-dotted curves, respectively.
The dots on the curves correspond to the \empirical"
data for these pulsars (see x3 for details). The param-
eter value L
0
on panel B is equal to 10
31
, 3  10
30
,




for the Crab, PSR 0540-69,





is shown by the dotted line on panel
E.
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